Introduction
Recently, next-generation sequencing technology has been used extensively in biological and clinical research, revealing information on a wide spectrum of human genomic variation, and generating a concomitantly tremendous amount of raw data. This increase in accumulated sequencing data is expected to improve the precision of human genome analysis, and widespread disease-specific and cancer genome sequencing contributes a great effort towards improved diagnosis and therapy. The Cancer Genome Atlas (TCGA) (1) (2) (3) and the International Cancer Genome Consortium (ICGC) (4) are performing genomic sequencing of various types of cancers and accumulating their own archiving systems (5) . Public databases such as the Sequence Read Archive (SRA) (6, 7) , database of Genotypes and Phenotypes (dbGaP) (8) , Single Nucleotide Polymorphism Database (dbSNP) (9) , Database of Genomic Variants archive (DGVa) (10) and the Catalog Of Somatic Mutations In Cancer (COSMIC) (11) contain both raw sequencing data as well as various types of genomic variants, which can affect human biological function. As the use of genome-wide sequencing increases, so also do the challenges of efficiently managing and retrieving these large-scale data structures. To deal with these challenges for data generated in sequencing projects at Genomic Medicine Institute of Seoul National University (GMI-SNU), we previously developed the Total Integrated Archive of short-Read and Array (TIARA; http://tiara.gmi.ac.kr) database with a focus on integrative browsing of heterogeneous complex data sets through the TIARA genome browser.
The integrative design of TIARA is motivated by several factors. Genomic variants play important roles in bringing about human complex diseases and various cancers. If genomic variants such as Single Nucleotide Polymorphisms (SNPs), short indels and Copy Number Variations (CNVs) can be studied simultaneously, this will help to discover important interactions and more precise etiological factors (12) . Moreover, in our previous studies (13) (14) (15) , we showed that more accurate analyses (i.e. absolute CNV calling) are feasible by using combined analyses, such as massively parallel sequencing with high-resolution comparative genomic hybridization (CGH) array (14, 15) . Furthermore, analysis methods based on multiple genomes are essential to properly evaluate the function and meaning of personal genome variants.
In this article, we will set out the basic design of TIARA and introduce several updates to the database. These updates include migration of data to human genome reference NCBI Build 37.3 (hg19), adding functions to the control panel and integrating panels for the viewing of transcriptome sequencing data, including expression levels, variants and aligned reads. Recently, we reported discovery of common and functional rare variants through whole-genome sequencing of 13 human individuals and transcriptome sequencing of 16 at high depth of coverage (16) . Investigation of genomic variants between whole-genome sequencing and transcriptome sequencing for matched samples revealed features such as gene-expression levels, allele-specific gene expression and transcriptional base modifications (TBMs) or RNA editing. These data were added to TIARA, allowing browsing of sequencing reads and genomic variants. Table 1 shows the samples that have been deposited in the TIARA database update. The browser facilitates comparison of the genome and transcriptome sequencing results for individual humans, as well as simultaneous and efficient viewing of genomic variants from other high-throughput genome technologies. We believe that this update to TIARA results in a sophisticated database containing complex genomic data structures, presented in a user-friendly browser that will facilitate investigation of 'omics' data by researchers worldwide.
Materials and methods
Whole genome and transcriptome deep sequencing TIARA contains deposits of sequencing reads for 13 whole genomes and 16 transcriptomes at high depth of coverage from high-throughput sequencing machines including the Illumina Genome Analyzer and AB SOLiD (Supplementary Figure S1 ). This will provide much more information on rare variants and population characteristics than the five individuals designated AK1, AK2, AK4, AK6 and NA10851, which were previously included in the database (13) (14) (15) (16) (17) (18) (19) . In this upgrade of the TIARA genome database, the short read (36-151 bp) data originally in FASTQ format, alignment results and genomic variants from the newly included whole genome and transcriptome sequencing have been added. Supplementary Tables S1, S2 and S3 show the summary of sequencing data for individuals stored in TIARA.
Genome variants
The short reads generated by human genome and transcriptome sequencing were previously aligned on human genome reference NCBI Build 36.3 (hg18) using the Genomic Short-read Nucleotide Alignment Program (GSNAP) short-read alignment tool (20) , and then human genome variants such as SNPs, short indels and Structural Variations (SVs) were detected and read depths (RDs) were calculated as described in our studies (13-16, 18, 19) . We re-aligned those short reads onto human genome reference NCBI Build 37.3 (hg19) and detected genomic variants including SNPs and short indels by the same bioinformatics software pipeline. This allows the TIARA database to retrieve variants called on either hg18 or hg19 as selected by the user. In addition, CGH array data were previously obtained through experiments using a designed high-resolution CGH array from Agilent Technologies whose probe sequences were based on human genome reference NCBI Build 36.3 (hg18), and CNVs called using the ADM2 algorithm were deposited in the TIARA genome database (14, 17, 21) . To improve CNV research, we converted the genomic positions, which were available on human genome reference Build 37.3 (hg19) using a batch coordinate conversion tool provided by UCSC utilities (22) and added the converted positions and log2 ratios to TIARA.
Results
The architecture and development platform of the TIARA system have been retained in this update as described in our original publication (17) . TIARA has three types of repositories: (i) a Lucene index file system, which contains genomic variants such as SNPs and short indels, read depths and log2 ratios; (ii) a MySQL database, which contains human reference genome sequences (hg18 and hg19), mapping information of short reads, RefSeq and Ensembl genes (23, 24) , gene expression profiles and Asian specific CNV regions (14) ; and (iii) an anonymous file transfer protocol (FTP) archive, which contains raw files such as FASTQ format read sequences, alignment results and genomic variants in the general feature format. The user-friendly interface of the TIARA genome browser contains eight main components: Control Panel, RefSeq and Ensembl Genes, SNPs, Indels, Integrative Multi-Omics Display Window, Read Depth Display Window, CNV Regions and Log2 Ratio Display Window. The Integrative Multi-Omics Display Window has been implemented in this update to provide improved integrative analysis. Short-read windows now also display transcriptome sequencing data. The arrangement and function of other components are maintained as previously described.
Newly integrated viewing panels
In the new version of the TIARA genome browser, panels are provided to view newly added transcriptome sequencing data. These display windows are fully integrated with other technologies in the browser. The TIARA genome browser displays gene expression levels in Reads Per Kilobase of exon model per Million mapped reads (25) , aligned reads supporting SNPs within genes and variants when the user selects RNA-Seq data. Direct comparison of transcriptome and whole genome sequence data for matched individuals allows analysis of allele-specific expression and the impact of variants on expression levels. Interestingly, the user can observe allele-specific expression by comparing the colours of SNPs in the genome and transcriptome sequencing windows (red for heterozygous, blue for homozygous). The TIARA database now contains transcriptome sequencing data for 16 individuals. Furthermore, the addition of whole-genome sequencing data for 10 Asian individuals provides a wealth of rare variants. These can be downloaded via FTP. 
Advanced user interface functions

Discussion
The TIARA database provides access to genomic data from a wide range of technologies, with the fundamental principle of mutual integration and ease of viewing. To show whole-genome sequencing, transcriptome sequencing and CGH array data from the same individual simultaneously, we have upgraded the TIARA genome browser's display functions. This will facilitate multi-omics and crosstechnology analysis of human genome variants. For example, the impact of copy number variation and other genomic variants on the expressed transcriptome is an area that requires simultaneous comparison of multiple data sets. As part of our comprehensive recent studies into the human genome (13) (14) (15) (16) 19) , we performed sequencing of 13 whole genomes with average coverage over $26Â and ..................................................................................................................................................................................................................................................................................... according to the types of genomic variants such as SNP, indel, gene expression, allele-specific expression, TBMs, read depth and log2 ratio. The genome browser has been directed to gene SEC22B by entering it into the 'Gene Name' text box after selecting samples AK3 and AK4. One SNP from the DNA-Seq SNP display window (single enlarged red dot, second window) has been selected, yielding full read alignment details below, justifying the heterozygous SNP call. Interestingly, allele-specific expression can also be observed for this gene, as indicated by green dots in the Integrative Multi-Omics Display window. The pop-up window, which displays read counts for reference and variant alleles, was obtained by clicking one such point (enlarged green dot).
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Database, Vol. 2013, Article ID bat003, doi:10.1093/database/bat003 16 transcriptomes using massively parallel sequencing. We also performed high-resolution CGH array experiments for 33 human samples. The raw data from these experiments have been deposited to the TIARA genome database, as well as variants such as SNPs, short indels and CNVs, detected from the data. At present, the TIARA genome database provides cancer genome sequencing data for one lung cancer patient on anonymous FTP. However, this is an area where a large number of sequencing experiments are being performed worldwide, including cancer genome sequencing of many lung cancer patients at GMI-SNU. As full data sets become available, these will be added to the TIARA database. As well as the familiar bioinformatics challenges of calling somatic mutations, display methods that allow efficient browsing of variants and simultaneous viewing of features such as structural variation and gene expression are important for cancer research. We believe that TIARA will be a useful tool for the human genome research community and will help cancer genome research to realize more precise and effective personalized medicine.
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